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Abstract
& Key message Acoustic techniques can be utilised to rank
a large population of young trees for stiffness and stability
for breeding purposes.
& Introduction This study sought to validate new approaches
to rapid, very early screening and selection of radiata pine
families, using microfibril angle (MFA) as a reference for
comparative purposes.
& Method A key feature was tilting the trees at an angle of
∼30° after the initial 12 months of growth in order to force
production of opposite wood (OW) and compression wood
(CW) and prevent the co-mingling of the two distinctive wood
types as occurs ‘at random’ within vertical stems. After
34 months, OW and CW materials were characterised inde-
pendently for acoustic velocity (V), dynamic modulus of elas-
ticity (MOEdynamic), basic density and longitudinal shrinkage.
Finally, MFAwere determined with X-ray diffraction.
& Result No phenotypic correlation was observed between
OW and CW wood properties. The Spearman ranking corre-
lation between V2 and MFA values in OW was 0.81.
& Conclusion We show that families or individual trees with
superior wood properties can be screened at this young age
using acoustics. Further, the same outcomes can be achieved
as with X-ray diffraction (MFA) but more cheaply and rapidly.
Keywords Radiata pine . Tree breeding .MFA . Acoustic
velocity . Dimensional stability
1 Introduction
Low stiffness and instability (or propensity to warp) are key
problems in the industrial utilisation of softwoods for struc-
tural and appearance timber. These detrimental properties are
very evident in the corewood of radiata pine (Pinus radiataD.
Don), i.e., wood formed in the first 10 rings from the pith
(Burdon et al. 2004). In fast-grown radiata pine, this 10-ring
corewood zone constitutes around 50 % of the merchantable
timber in a 25-year-old tree (Cown et al. 1991). For this rea-
son, Walker and Butterfield (1996) proposed that improving
corewood properties should be a priority. Further, the current
price differential between a box-grade material (the worst of
the corewood) and utilitarian grades for framing (MGP10) is
much greater than that between utilitarian grades and premium
grades for engineering (MGP12) and finishing purposes
(Apiolaza et al. 2013). Considering the current value of timber
(Drew and Downes 2010) graded according to the current
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Australia/New Zealand standards (AS/NZS 1748), box grade
(i.e., ungraded, lower quality timber) is discounted A$250/m3
(56 %) relative to MGP10, while the premium for moving
from MGP10 to MGP12 is only A$60/m3 (12 %). In order
to focus on corewood properties, it is possible to collect tem-
poral measurements of those properties on older trees, or we
can work directly with young trees (<3 years), as we know the
worst wood is at the centre of the tree and gradually improves
with ring number (Xu andWalker 2004). Additionally, shorter
breeding cycles should outweigh any lower accuracy in early
selection (Apiolaza 2009).
A problem with characterising wood in very young radiata
pine stems is that young trees are rarely perfectly straight and
stemwander results in a ‘seemingly random’ distribution of com-
pressionwood (CW) that is not under experimental control within
a cross section. The distribution of CW is not strictly random as
CW is a phenotypic response of conifers to environmental stress-
es, whereby it serves to reorient the stem toward the vertical
(Timell 1986). In order to perform this function, CW in radiata
pine has different physical, mechanical (Chauhan et al. 2013) and
chemical compositions (Brennan et al. 2012) to opposite wood
(OW) in the same trees. Burdon (1975) examined a 12-year-old
radiata pine growing on four different sites in New Zealand and
estimated that 30 to 45 % of the stem volume contained mild to
severe CW. This intermixing of CW with OW introduces uncer-
tainties into the analysis that makes the prediction of ‘true’ normal
wood properties problematic, unless the two wood types are seg-
regated. Chauhan et al. (2013) provided a solution by tilting the
young trees during growth and characterising OWand CW prop-
erties separately. In this study, as in Chauhan et al. (2013), trees
were tilted during growth to produce OW free from CW, so as to
be representative of normal wood, and to demonstrate how the
technique can be used for superior genetic selection with respect
to better corewood properties.
The angle that the cellulose microfibrils in the dominant S2
layer of the secondary wall deviates from the longitudinal axis of
the cell is known as the microfibril angle (MFA). MFA has an
important influence on stiffness and dimensional stability of
corewood timber. Cave (1969) measured the change in cell wall
stiffness of radiata pine as a function of MFA and observed a
fourfold increase in stiffness from pith to cambium as the MFA
decreased from 40° to 10°. High MFA also results in high lon-
gitudinal shrinkage (Meylan 1968), and such wood is liable to
warp on drying. The significant variation in MFA in radiata pine
and its degree of genetic control (Lindström et al. 2004; Dungey
et al. 2006) mean that stiffness can be improved by selecting
young treeswith lowMFA.A secondary factor influencingwood
properties is the amount of solid wood present per unit volume,
as axial stiffness increases linearlywith density (Ashby and Jones
1994; Huang et al. 2003). The traditional interest (from the 1950s
to 1980s) in density lay in its ease of measurement and correla-
tions with a broad range of timber properties (including hardness
and durability). Lindström et al. (2004) examined variation in
stiffness (modulus of elasticity, MOE), basic density and MFA
in 3-year-old clones of radiata pine. They reported that MOE
(derived from acoustic measurement) in young material was
much more strongly dependent on MFA than density.
Therefore, radiata pine breeders should focus on MFA in prefer-
ence to density in seeking to improve corewood properties.
However, performing MFA measurements on large populations
in a breeding programme is impractical, whether considering
cost, timescale or logistics. Therefore, an alternative fast, accurate
and efficient method is required to determine stiffness within
large populations. This can be done with acoustics.
New Zealand radiata pine has been selected for growth and
form since the 1950s, basic density since 1975 and disease
resistance since 1983 (Dungey et al. 2009). Unfortunately,
superior genotypes for growth and form represented in the
production populations (seed orchards and clonal production
systems) have had very little, if any, screening for stiffness and
stability. Acoustics offers a practical way of ‘catching up’with
stiffness and stability (Huang et al. 2003), through rapid seg-
regation of a subpopulation already demonstrating superior
growth performance.
In this study, we hypothesise that one can select very young
trees based on acoustic velocity, basic density and shrinkage
provided the stems are leant and the opposite wood is examined
destructively. Further, we propose to compare the ranking of
families selected on acoustic velocity with the ranking based
on MFA measured by X-ray diffraction, to validate the idea that
selecting for high acoustic velocity implies reducingwoodMFA.
2 Materials and methods
2.1 Materials
A multi-family radiata pine progeny trial was established at
Amberley, Canterbury, New Zealand, on a non-irrigated flat land
in September 2007. Forty-nine full-sib families displaying im-
proved growth and form were planted in four sections each with
12 blocks with one family member in each. Summer drought in
early 2008 and local ponding during the subsequent winter re-
sulted in significant mortality. In August 2008, all trees were
staked and leant at an angle of ∼30° to produce OWon the upper
side of the stem and CWon the lower side of the stem, but strong
North Western and Southerly winds made it hard to maintain a
constant lean. Trees were low pruned and all stem/epicormic
needles were rubbed off to create a 300-mm length of clear
stemwood immediately above the root collar.
Two sections were tested in September 2009 and April 2010.
The surviving trees in the remaining two sections were tested
after 34 months in July 2010. Families were ranked according
to their acoustic stiffness. This paper focuses on only a subset of
12 families, taken uniformly across the stiffness spectrum in
34 months old trees, which was chosen for extended study
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involving MFA measurements for comparative purposes. The
average number of surviving trees per family was 16 (Table 3).
2.2 Physical and mechanical properties
A 120-mm long bolt was taken from the base of each tree. This
bolt was ripped and trimmed to give two 100-mm long samples
(three sides sawn leaving the cambial surface as a slightly
curved fourth face). One sample came from the upper side of
the lean yielding OWand the other sample from the lower side
yielding CW. Full experimental procedures are described in
Chauhan et al. (2013) and only a summary is provided here.
Length of samples was measured very precisely in the green
condition using a specifically designed jig. Green volumes of
the irregularly shaped samples were measured by water dis-
placement method. Samples were then dried at 35 °C until they
reached constant mass, which here corresponded to a final
moisture content (MC) of approximately 5 %. Length and vol-
ume measurements were repeated as described previously, and
the ratio of green to dried state measurements expressed as
percent was used to provide shrinkages. Density (ρ) was calcu-
lated from the dry weight (∼5 % MC) and volume of samples.
Dynamic modulus of elasticity (hereafter referred to as
MOEdynamic) was determined by the product of the resonance
acoustic velocity squared (V2) measured using WoodSpec, de-
veloped by Industrial Research Ltd (Lower Hutt, New Zealand)
and the previously determined wood density:
MOEdynamic ¼ V 2ρ ð1Þ
2.3 Microfibril angle
In order to measure MFA, samples measuring 10 mm×5 mm×
1.5 mm (longitudinal×tangential×radial) were prepared from
the previously tested specimens, with the MFA samples being
located as close to the bark side as possible. X-ray diffraction
was performed at the School of Biological Sciences, University
of Auckland. The instrumentation comprised of a Rigaku
(Tokyo, Japan) MicroMax-007HF generator outputting 40 kV
and 30 mA, a rotating copper anode, an Osmic (Michigan,
USA) VariMax-HF mirror and a Mar (Norderstedt, Germany)
345 dtb detector. The beamwas orientated in the radial direction
of the wood samples with exposure set to 3 min. Samples were
positioned at a distance of 200mm from the detector. In order to
check the homogeneity of results, a second measurement, locat-
ed 1 mm in the longitudinal direction from the first measure-
ment, was taken. The open source software ‘The Area
Diffraction Machine Version 1’ (http://code.google.com/p/
areadiffractionmachine/) was used to integrate the intensity of
the diffraction profile, at a Bragg angle (2 ) of 18.4 to 22.1°
representing the 200 planes of cellulose, 360° about χ. Cave
and Robinson’s method (Cave and Robinson 1998) was used to
interpret the integrated diffraction profiles. Themethod assumes
that the MFA distribution is a simple Gaussian and the outer
flanks of the 200 intensity profile arise from the cell walls nor-
mal to the beam, i.e., the tangential walls. The angular distance
from the equator to the point of inflexion of the intensity curve
that cuts the zero intensity axis is given by the value T, originally
described by Meylan (1967). T values can be equated to a func-
tion of mean MFA and the standard deviation (σ) of the MFA
distributed in the cell wall planes normal to the beam as follows:
T ¼ MFAþ 2σ ð2Þ
T is considered more useful than the simple meanMFA alone as
it additionally describes the distribution of the microfibril angles
within the S2 layer (Cave and Robinson 1998).
2.4 Statistical analysis
All data was analysed using statistical software R (R
Development Core Team 2011). The significance of the effect
of wood type in describing difference in the measured acoustic
velocity squared, basic density, T, MFA, σ, longitudinal and
volumetric shrinkage was investigated by paired t test. The
Pearson correlation was analysed between wood properties in-
dependently in OW and CW. The families were ranked using
mean values of OW, and the variability attributed to family
effect in OW was calculated using the following model:
y ¼ μþ Rþ FCþ TIDþ e ð3Þ
whereμ is the fixed effect of the overall mean.R, FC, TID and e
represent the random effects of replicate, family, tree identity
and residuals, respectively. The expectation of the response
variable is E[y]=μ, and random effects have zero means and
variances σR
2, σFC
2, σTID
2 and σe
2.
3 Results
3.1 Wood properties
The mean value along with range of the measured properties
for opposite wood and compression wood are given in
Table 1. The wood types differ significantly in all the physical
and mechanical properties except T values. Opposite wood is
characterised by a lower basic density, higher dry acoustic
velocity2, lower longitudinal shrinkage and greater volumetric
shrinkage than observed in compression wood. The average
basic density of CWwas nearly 52% higher than OWdensity;
however, the acoustic velocity squared of OWwas only 20 %
higher than in CW. Consequentially, dynamic MOE of CW
was about 15 % higher than in opposite wood due to a higher
wood density of CW. In this very young wood, the MFAwas
lower and σ was higher in OW than in CW.
Table 2 shows a matrix of Pearson’s correlations revealing
the strength of phenotypic association between different
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properties. Coefficients in the upper diagonal are for OWand in
the lower diagonal matrix are for CW. In OW, there was a
significant (p<0.01) negative correlation between acoustic ve-
locity2 andMFA indicating that these can be considered togeth-
er. A non-significant (p=0.28) correlation indicates that MFA is
a distinct variable to basic density. The correlation between
velocity2 and density was significant (p<0.01) but weak (r=
0.24). Density and velocity2 were positively correlated to dy-
namic modulus, although it is necessary to remember that
MOEdynamic is a composite variable that is the product of these
two variables. Density, velocity2 and MFA are significantly
correlated to longitudinal shrinkage, but the strength of the
correlation was weak (r=−0.34) for basic density. There was
only negligible difference in the strength of correlation between
longitudinal shrinkage and either MFA or T. The same was true
for MOEdynamic. Acoustic velocity
2, MFA and density are sig-
nificantly (p<0.01) but weakly correlated to volumetric shrink-
age. The strength of the phenotypic relationship between veloc-
ity2 and MFA is shown in Fig. 1, which also provides an ordi-
nary least squares regression equation to convert velocity2 to
MFA in OW and CW. Compression wood showed a more
complex story for the correlations. Basic density was positively
correlated to longitudinal shrinkage, volumetric shrinkage and
MFA, but it was negatively correlated to acoustic velocity2.
3.2 Ranking of families
The properties of OW and CW behaved independently; there
was no correlation between the MFA of OWand MFA of CW
(Fig. 2), and this was true for other properties too (not shown).
This is consistent with other findings in radiata pine where
wood properties in compression wood and opposite are inde-
pendently controlled by the tree (Chauhan et al. 2013).
Ultimately, in tree breeding, the main interest is to select the
best ‘normal’wood properties; thus, ranking is discussed only
for OW.
Phenotypic means of measured properties in OW to-
gether with the coefficient of variation (CV) for the 12
families are given in Table 3. Figure 3 displays the corre-
lation between the family means for acoustic velocity
squared and MFA. There is a strong negative association
between the family means for acoustic velocity2 and MFA,
Table 2 Pearson Correlation matrix (with p values in parentheses) for wood properties of young Pinus radiata
Variable Basic density
(kg/m3)
Acoustic velocity2
(km/s)2
Dynamic
modulus (GPa)
T (°) MFA (°) Longitudinal
shrinkage (%)
Volumetric
shrinkage (%)
Basic density (kg/m3) 0.24 (<0.01) 0.66 (<0.01) −0.22 (0.09) −0.08 (0.28) −0.34 (<0.01) −0.23 (<0.01)
Acoustic velocity2 (km/s)2 −0.45 (<0.01) 0.88 (<0.01) −0.75 (<0.01) −0.73 (<0.01) −0.80 (<0.01) −0.33 (<0.01)
Dynamic modulus (GPa) 0.73 (<0.01) 0.27 (<0.01) −0.66 (<0.01) −0.58 (<0.01) −0.75 (<0.01) −0.22 (<0.01)
T (MFA+2σ) (°) 0.18 (0.02) −0.55 (<0.01) −0.22 (<0.01) 0.82 (<0.01) 0.62 (<0.01) 0.27 (<0.01)
MFA (°) 0.23 (<0.01) −0.53 (<0.01) −0.15 (0.06) 0.79 (<0.01) 0.67 (<0.01) 0.28 (<0.01)
Longitudinal shrinkage (%) 0.66 (<0.01) −0.71 (<0.01) 0.18 (0.02) 0.45 (<0.01) 0.51 (<0.01) 0.40 (<0.01)
Volumetric shrinkage (%) 0.33 (<0.01) −0.37 (<0.01) 0.17 (0.03) 0.27 (<0.01) 0.28 (<0.01) 0.38 (<0.01)
Above diagonal for opposite wood (n=194) and below diagonal for compression wood (n=163)
Table 1 Means and ranges of wood properties in opposite wood (n=194) and compression wood (n=163) from diametrically opposing sides of young
Pinus radiata trees
Variable Opposite wood Compression wood
Mean Min Max Mean Min Max
Basic density (kg/m3) 364 304 437 552 398 687
Dry acoustic velocity2 (km/s)2 7.12 5.11 10.18 5.71 4.62 7.73
Dynamic modulus (GPa) 2.97 1.95 4.39 3.42 2.59 4.36
σ (°) 11.5 10 13 8.5 7 10
MFA (°) 39 28 48 44 36 53
T (MFA+2σ) (°) 62 50 71 62 55 69
Longitudinal shrinkage (%) 1.03 0.15 1.8 3.44 1.82 4.98
Volumetric shrinkage (%) 12.47 7.11 20.01 8.17 5.42 15.5
MFA is mean microfibril angle obtained from the Gaussian distribution of the X-ray diffraction profile, σ is the standard deviation of that distribution and
T is a combination of the two (Cave and Robinson 1998)
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with a Spearman correlation (as we are interested in rank-
ing families) of 0.81. There is a large within-family vari-
ation in MFA and acoustic velocity2 in OW; Fig. 3 rep-
resents the within-family variation in MFA and acoustic
velocity2 in best family A and worst family L ranked on
the basis of stiffness and longitudinal shrinkage of OW.
4 Discussion
4.1 Wood properties
The basic density of CW was comparable to that reported in
the literature (Donaldson et al. 2004) for leaning 18 years old
P. radiata trees (572 kg/m3), but the OW basic density was
lower than that reported for OW (477 kg/m3) in the same
study. The low density of OW in the present study is attributed
to the juvenile nature of samples, as radiata pine density is
known to increase with cambial age (Cown et al. 2002). On
material of a comparable age (Chauhan et al. 2013), the den-
sity reported here is of the same magnitude. Longitudinal
shrinkage in OW and CW were comparable to previously
reported results (Brennan et al. 2012; Chauhan et al. 2013).
The MFA range in OW was 28–48°, which is consistent with
the results reported by Donaldson (1993) for radiata pine; the
range for CW was from 36° to 53°. In summary, differences
between OWand CWwere as would be expected and CW can
be seen to have a detrimental impact on structural timber
properties. These differences between properties of OW and
CW emphasise the difficulties that could arise when
attempting to determine the ‘true’ wood properties of normal
wood in a vertical stem where non-experimentally con-
trollable intermixing of wood types occurs within the
cross-section. Further, the lack of phenotypic correlation
between OW and CW properties was in agreement with
an earlier study (Chauhan et al. 2013) and suggests that
wood properties of OW and CW are independently con-
trolled by a tree; therefore, a tree exhibiting desirable
OW properties will not necessarily exhibit desirable CW
properties. This has implications for selection and tilting
the trees successfully allowed us to isolate the CW phe-
notype from analysis relating to selection.
When considering phenotypic correlations, our main aim
was to determine if there was a strong link between MFA and
velocity2 and we found this to be the case. The strength of that
relationship did not change notably whether we considered T,
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Fig. 2 Relationship between
microfibril angle in compression
wood (CW) and microfibril angle
in opposite wood (OW) in young
radiata pine (n=163). Circles
represent individual trees
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Fig. 1 Relationship between
microfibril angle (MFA) and
acoustic velocity2 (V2) in opposite
wood (OW) and compression
wood (CW). Triangles represent
OW, with a regression equation,
MFA=62–3.22(V2) with a r2 of
0.54.Circles represent CW, with a
regression equation, MFA=63–
3.23(V2) with a r2 of 0.28
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which combines the mean MFA determined from X-ray dif-
fraction profile with the standard deviation, or the mean MFA
as a discrete variable. The same was true when we considered
the phenotypic correlation of mean MFA or Twith other var-
iables. Given the limited range of MFA and velocity2 in this
study, due to the young age of the material, we believe the
strength of correlation achieved is good. It is likely that broad-
ening the range of MFA by including pith to bark measure-
ments would increase the strength of the correlation. A further
consideration for the results presented is that the MFA was
measured on a volumetric subsample of the piece measured
for velocity; had it been practical to measure the entire sample,
the correlation might have been higher. This might explain
why longitudinal shrinkage was slightly better correlated to
velocity2 than MFA, as velocity2 is a bulk measurement. The
fact that velocity2 is a bulk measurement adds a further benefit
to this measurement technique, in addition to the obvious
efficiency and subsequent cost effectiveness benefits over X-
ray diffraction. None of the measured variables showed
a strong correlation with volumetric shrinkage. Others
have suggested that this relationship is likely affected
by the hemicellulose chemistry and structure (Floyd
2005; Newman 2005).
4.2 Ranking of families
Through examination of the literature, we had already
established that in order to improve the corewood properties
of longitudinal shrinkage and stiffness, we would like to select
trees with low MFA. A central question for very early screen-
ing is ‘Are we improving the underlying desirable but hard to
assess traits (MFA, stiffness, stability) when using acoustic
velocity2 as a surrogate selection criterion?’ Table 2 showed
high significant correlations between acoustic velocity2 and
MFA, stiffness and longitudinal shrinkage. In addition,
Fig. 3 showed a strong relationship at the family means level
between acoustic velocity2 and MFA, with a strong negative
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Fig. 3 Relationship between
mean microfibril angle (MFA)
and mean dry acoustic velocity2
of 12 families in opposite wood in
young radiata pine. The
Spearman ranking correlation
between mean values was 0.81.
Circles with letters represent
individual families
Table 3 Mean values of wood properties and coefficients of variation in opposite wood for 12 radiata pine families
Basic density
(kg/m3)
Acoustic velocity2
(km/s)2
Dynamic modulus
(GPa)
Longitudinal
shrinkage (%)
Volumetric
shrinkage (%)
MFA (°)
Family code No. of samples Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)
A 20 371 5.6 7.89 9.6 3.28 12.2 0.68 26.5 10.53 11.0 37.3 8.8
B 16 384 6.9 7.64 8.5 3.34 12.9 0.78 34.7 11.94 11.7 38.8 8.9
C 16 377 8.6 7.65 8.4 3.29 15.5 0.82 28.0 11.95 10.6 36.8 9.9
D 20 361 6.8 7.72 10.6 3.21 12.1 0.96 28.1 13.13 22.1 36.8 9.7
E 9 370 7.1 7.04 4.3 2.97 8.8 0.87 27.5 12.23 16.7 39.1 5.0
F 17 359 5.1 7.23 9.4 2.94 10.2 0.84 27.6 11.48 15.5 38.7 11.6
G 18 347 7.0 7.11 11.7 2.85 14.7 1.02 24.3 13.19 16.9 38.1 6.9
H 15 347 6.9 6.37 8.3 2.54 9.8 1.28 21.3 12.80 10.6 40.5 6.0
I 11 344 7.2 6.59 7.6 2.58 7.3 1.17 23.1 12.23 13.4 40.6 9.4
J 16 371 5.7 6.41 9.4 2.74 7.1 1.26 25.9 13.28 18.7 41.1 8.1
K 19 377 8.1 6.68 12.3 2.93 17.2 1.29 31.0 13.98 12.0 42.5 6.3
L 16 361 5.3 6.62 4.8 2.74 7.7 1.39 19.4 12.76 17.8 41.7 5.3
398 M. Sharma et al.
Spearman’s correlation supporting the strategy of selecting for
high acoustic velocity2 to reduce MFA.
Between-family variability of wood properties was lower
than the within-family variation, supporting the use of selec-
tion indices that exploit both between- and within-family var-
iability. The variation in MFA attributed to family effect in
OW was 22 %. There were issues with the trial site, as in the
first growing season there was localised water logging, which
resulted in growth variability and death of some trees. Thus,
microsite variability unaccounted for by the experimental de-
sign likely explained part of the high within-family variation.
Hence, Fig. 4 shows a large within-family variation in acous-
tic velocity2 and MFA in the best and worst families, selected
on the basis of stiffness and longitudinal shrinkage. Even so,
there is clear demarcation between the best four families (A,
B, C and Dwith high acoustic velocities and dynamic moduli)
and worst families (H, I, J and L), which is very evident in
Fig. 3.
5 Conclusion
This analysis confirms that, for radiata pine, the underlying
desirable characteristic influencing stiffness and stability in
young trees is low MFA in OW. However, acoustic velocity2
delivers comparable assessments of stiffness and stability, and
these values can be determined more readily.
This scoping study compared wood properties of radiata
pine families that have been improved for growth and form
and are currently operationally deployed in forest plantings.
By identifying families with superior wood properties,
breeders have the opportunity to rebalance production popu-
lations, augmenting the gain already achieved for growth and
form. We found that acoustic velocity2 performs very well at
ranking the families for intrinsic wood properties, fully com-
parable to X-ray diffraction (MFA). In practice, it is possible
to cut, prepare and screen for physical and mechanical prop-
erties using acoustics and basic density very quickly and more
cheaply compared to X-ray diffraction. Having validated this
proposition in this study, subsequent selection procedures can
omit reference to MFA so saving money and time.
The key driver for this work is the proposition that it is the
poorest wood, adjacent to the pith, that destroys value, and
such wood can be identified early (<3 years.). Delaying selec-
tion to focus on improving outerwood provides quickly
diminishing returns, as the price premium for higher quality
is much smaller. A further advantage of early selection is that
generation interval for breeding is much shorter, achieving
higher response to selection per year.
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